Early detection of pancreatic cancer is key to overcoming its poor prognosis. a v b 3 -integrin is often overexpressed in pancreatic tumor cells, whereas it is scarcely expressed in normal pancreatic cells. In this study, we investigated the usefulness of SPECT imaging with 111 In-1,4,7,10-tetraazacylododecane-N,N9,N$,N999-tetraacetic acidcyclo-(Arg-Gly-Asp-D-Phe-Lys) [ 111 In-DOTA-c(RGDfK)], an imaging probe of a v b 3 -integrin, for the early detection of pancreatic cancer in a hamster pancreatic carcinogenesis model. Methods: Hamsters were subcutaneously injected with the pancreatic duct carcinogen N-nitrosobis(2-oxopropyl)amine to induce pancreatic cancer. N-nitrosobis(2-oxopropyl)amine-treated hamsters underwent in vivo SPECT with 111 In-DOTA-c(RGDfK). After imaging, the tumorto-normal pancreatic tissue radioactivity ratios in excised pancreatic samples were measured with autoradiography (ARG) and compared with the immunopathologic findings for a v b 3 -integrin. In a mouse model in which inflammation was induced with turpentine, the uptake of 111 In-DOTA-c(RGDfK) in inflammatory regions was evaluated with ARG and compared with that of 18 F-FDG. Results: 111 In-DOTA-c(RGDfK) was clearly visualized in pancreatic cancer lesions as small as 3 mm in diameter. ARG analysis revealed high tumor-to-normal pancreatic tissue radioactivity ratios (4.6 6 1.0 [mean 6 SD] in adenocarcinoma and 3.3 6 1.4 in atypical hyperplasia). The uptake of 111 In-DOTA-c(RGDfK) strongly correlated with a v b 3 -integrin expression. In the inflammatory model, inflammation-to-muscle ratios for In-DOTA-c(RGDfK) were 8.37 6 4.37 and 1.98 6 0.60, respectively. These results imply that 111 In-DOTA-c(RGDfK) has a lower rate of false-positive tumor detection than 18 F-FDG. Conclusion: Our findings suggest that SPECT with 111 In-DOTA-c(RGDfK) has great potential for the early and accurate detection of pancreatic cancer.
Pancreat ic cancer is a leading cause of cancer-related mortality in developed countries, with an increasing incidence (1) . The 5-y survival rate is poor (2, 3) . Surgical resection remains the only curative option. The postoperative 5-y survival rate has been recorded to be high as 40%-50%, whereas only 15%-20% of tumors are found to be resectable at the time of diagnosis (4) . Tumor size is an important prognostic factor for pancreatic cancer because better prognosis and postsurgical survival have been reported for small pancreatic cancers (#2 cm) than for large ones (.2 cm) (5, 6) . Given the incidence and high mortality rate of pancreatic cancer, the development of novel diagnostic technologies is essential for overcoming this type of cancer.
Currently, 18 F-FDG PET is widely used in the diagnosis of malignant tumors. 18 F-FDG PET is more accurate in detecting relatively large pancreatic adenocarcinomas than conventional imaging techniques (7) (8) (9) . However, it has some limitations in detecting pancreatic cancer (10) . 18 F-FDG can accumulate in chronic and acute pancreatitis, and this fact often yields falsepositive interpretations for PET (11, 12) . It is also well known that the sensitivity of 18 F-FDG PET in hyperglycemic patients tends to be lower than that in euglycemic patients because elevated serum glucose levels suppress 18 F-FDG uptake in tumors by up to 50% as a result of competitive inhibition (13, 14) . New imaging agents that are not influenced by these factors are essential for the detection of small pancreatic cancers.
Integrins are cell adhesion molecules that mediate cell-cell and cell-matrix interactions and contribute to angiogenesis, tumor invasion, and metastasis. a v b 3 -integrin is a wellcharacterized integrin that is overexpressed in endothelial cells and various tumor cells (15) (16) (17) . Immunohistochemical analysis demonstrated that a v b 3 -integrin was expressed in 60% of invasive pancreatic ductal carcinomas of stages I-IV, and patients with a v b 3 -integrin-positive carcinomas showed shorter survival times than those with a v b 3 -integrin-negative carcinomas (mean survival times, 12.3 vs. 21.4 mo) (18) . Thus, a v b 3 -integrin would be an excellent target for the early detection of malignant pancreatic cancer.
For investigating the mechanisms of the development of pancreatic cancer, an experimental pancreatic ductal carcinogenesis model has been established with the carcinogen N-nitrosobis(2-oxopropyl)amine (BOP) in hamsters (19) (20) (21) (22) . This model provides unique characteristics that are similar to a sequence of well-characterized morphologic changes in the human pancreatic duct and frequently shows point mutations in codon 12 of the K-ras gene, in accordance with human findings (23, 24) . We found that a v b 3 -integrin was overexpressed not only in adenocarcinomas but also in atypical hyperplasia in this hamster model (25) . Therefore, this model is useful in the development of imaging probes for the early detection of pancreatic carcinogenesis.
Radiolabeled Arg-Gly-Asp (RGD) peptides are widely used as a v b 3 -integrin imaging agents (26) (27) (28) . In a previous study, 111 In-1,4,7,10-tetraazacylododecane-N,N9,N$,N999-tetraacetic acid-cyclo-(Arg-Gly-Asp-D-Phe-Lys) [ 111 In-DOTAc(RGDfK)] showed high uptake in tumors with strong expression of a v b 3 -integrin, low uptake in normal pancreas, and extremely rapid clearance from the blood (29) . These characteristics are favorable for pancreatic cancer imaging. In the present study, we investigated the usefulness of SPECT imaging with 111 In-DOTA-c(RGDfK) for the early and accurate detection of pancreatic cancer in a chemically induced hamster pancreatic cancer model.
MATERIALS AND METHODS

Experimental Animal Models
Ten 5-wk-old female Syrian golden hamsters were obtained from Japan SLC. For the induction of pancreatic cancer, hamsters were subcutaneously injected with BOP (Nacalai Tesque) in saline at 10 mg/kg of body weight 4 times every other day. Palpation and laparotomy were occasionally performed after BOP treatment to confirm the induction of pancreatic cancer.
Eight 6-wk-old male ddY mice (Japan SLC) were intramuscularly injected with 50 mL of turpentine oil (Kanto Chemical) in the right thigh to induce inflammation (30, 31) .
Animal studies were performed in compliance with the guidelines set for animal experiments by the Committee for Ethics of Animal Experimentation at the National Cancer Center.
SPECT with 111 In-DOTA-c(RGDfK) in Hamster Pancreatic Cancer Model DOTA-c(RGDfK) was labeled with 111 In as described previously (29) . Hamsters were injected via the subclavian vein with 17.5-37.0 MBq of 111 In-DOTA-c(RGDfK) 16 wk after treatment with BOP. They were maintained under anesthesia with isoflurane (Dainippon Sumitomo Pharmaceutical) throughout the experiment. Just before the acquisition of CT images, the hamsters were injected with 500 mL of iopamidol (Iopamiron 370; Bayer Schering Pharma).
SPECT/CT was performed with a 4-head, multiplexing, multipinhole NanoSPECT/CT scanner (Bioscan, Inc.) 1 h after the injection of 111 In-DOTA-c(RGDfK). First, CT scans were obtained with a tube voltage of 60 kV and a tube current of 0.12 mA. Next, SPECT scanning was performed at 300 s/projection, and 24 projection views were obtained. After imaging, the SPECT data were reconstructed with an ordered-subset expectation maximization algorithm, dedicated software (Invivoscope; Bioscan, Inc.), and Mediso InterViewXP (Mediso). SPECT and CT images were automatically superimposed with Invivoscope. The accuracy of the superimposition was regularly calibrated with phantoms. A researcher experienced in the evaluation of smallanimal SPECT/CT images visually evaluated pancreatic uptake.
Autoradiography (ARG) with 111 In-DOTA-c(RGDfK) in Hamster Pancreatic Cancer Model
After SPECT/CT, the pancreas from each hamster was excised and macroscopically surveyed to detect pancreatic lesions. Samples were then embedded in Cryo Mount II (Muto Pure Chemicals Co., Ltd.) and frozen in liquid nitrogen. Frozen sections were cut with a cryostat to thicknesses of 20 mm for ARG and 10 mm for histologic analysis and mounted on glass slides. For ARG, glass slides were placed on an imaging plate (BAS-MS 2040; Fujifilm Co. Ltd.), and then the exposed plate was scanned with a bioimaging analyzer (FLA-7000; Fujifilm Co. Ltd.) to detect radioactivity. On the basis For adenocarcinoma and atypical hyperplasia, respective sizes (mean 6 SD) were 4.0 6 1.9 and 1.0 6 0.3 mm; respective percentages detected by SPECT were 66.7% and 0%; and respective T/N ratios (mean 6 SD) were 4.6 6 1.0 and 3.9 6 1.5. ND 5 not detected.
of microscopic observation of sections stained with hematoxylin and eosin, regions of interest were placed on both tumor and normal pancreatic samples. ImageQuant software (Fujifilm Co. Ltd.) was used to quantify the intensity of radioactivity.
ARG with 111 In-DOTA-c(RGDfK) and 18 
F-FDG in Mouse Inflammatory Model
Three days after turpentine oil injection, ARG analysis of inflammatory regions was performed. Eight mice were divided into 2 groups. Each group was injected via the tail vein with 740 kBq of 111 In-DOTA-c(RGDfK) and 925 kBq of 18 F-FDG. Inflammatory tissue, including the surrounding tissue, was excised 1 h after injection. ARG analysis was performed as described earlier. Regions of interest were placed on both inflammatory and muscle regions.
Immunohistochemical Analysis of a v b 3 -Integrin
Frozen sections (10 mm) were fixed in methanol at 220°C. After 2 washes with phosphate-buffered saline containing 0.05% polysorbate 20 (PBS-T), endogenous peroxide was blocked with 3% H 2 O 2 in methanol for 10 min. After 2 washes with PBS-T, sections were masked with 2% normal goat serum in PBS-T for 1 h at room temperature and then incubated overnight with anti-a v b 3 -integrin (clone LM609; Millipore) at 4°C. Sections were incubated with biotinylated anti-mouse IgG (Dako Cytomation); this step was followed by reaction with streptavidin-biotin-horseradish peroxidase complex (StreptABComplex/HRP; Dako Cytomation). Horseradish peroxidase was detected with diaminobenzidine (Phoenix Biotechnologies) substrate. All sections were counterstained with hematoxylin.
Statistical Analysis
Data analysis was performed with GraphPad Prism (GraphPad Software). Unpaired t testing was used for ARG analysis in the mouse inflammatory model. The results were considered statistically significant at P , 0.05.
RESULTS
SPECT with 111 In-DOTA-c(RGDfK) in BOP-Treated Hamsters Adenocarcinomas or atypical pancreatic hyperplasia was macroscopically or microscopically found in 7 of 10 BOPtreated hamsters (Supplemental Table 1 ) (supplemental materials are available online only at http://jnm.snmjournals.org). There were 9 adenocarcinoma lesions in 6 BOP-treated hamsters and 5 atypical hyperplasia lesions in 4 BOP-treated hamsters. Both adenocarcinomas and atypical hyperplasia were observed in 3 BOP-treated hamsters. The average size (mean 6 SD) of the adenocarcinomas was 4.0 6 1.9 mm, and SPECT with 111 In-DOTA-c(RGDfK) detected 6 of the 9 lesions (66.7%) ( Table 1 ). The average size of the atypical hyperplasia lesions was 1.0 6 0.3 mm, and SPECT with 111 In-DOTA-c(RGDfK) could not detect any such lesion. Abdominal CT images of hamsters successfully depicted the liver, stomach, intestine, and kidneys. The anatomic relationships among these organs successfully indicated the location of the pancreas, although the actual pancreatic contours were not delineated. Because SPECT images were accurately superimposed on CT images, pathologic accumulation in the pancreas could be judged from the SPECT/CT fusion images. Representative SPECT/CT fusion images are shown in Figure 1 and Figure 2 . Figures 1A and 1B show SPECT images of the pancreatic tumor in hamster 6. A tumor that was 5 mm in diameter and that was located near the pyloric region was clearly visualized with 111 In-DOTA-c(RGDfK). Although there was slight uptake in the intestine, this kind of uptake never interfered with the detection of pancreatic tumors because superimposed CT images clearly indicated that the uptake was not located in the pancreas. All tumors depicted by 111 In-DOTA-c(RGDfK) SPECT were verified by laparotomy findings (Figs. 1B and 1C) .
In hamster 10, 1 pancreatic tumor (8 mm in diameter) in the pancreatic head and an artificially induced purulent inflammatory/foreign-body granulomatous nodule that was located in the splenic lobe of the pancreas and that was adherent to abdominal muscle were found (Figs. 2C and 2D , Ps). SPECT with 111 In-DOTA-c(RGDfK) accurately depicted the tumor in the pancreatic head ( Fig. 2A) ,but the inflammatory lesion was not detected (Figs. 2B and 2D ). There was intense uptake in the kidneys because of urinary excretion.
Ex Vivo ARG and Histopathologic Analysis of Excised Pancreas
ARG successfully depicted all adenocarcinoma and atypical hyperplasia lesions, but SPECT failed to detect atypical hyperplasia. The T/N ratios for adenocarcinomas and atypical hyperplasia were 4.6 6 1.0 and 3.9 6 1.5, respectively (Table  1) . There was strong a v b 3 -integrin expression in all adenocarcinoma lesions.
The contrast in 111 In-DOTA-c(RGDfK) accumulation on ARG images between tumors and the normal pancreas was quite good (Supplemental Figs. 1A and 1B) . Strong positive results for a v b 3 -integrin in tumor tissues on immunohistochemical analysis validated these results satisfactorily (Supplemental Fig. 1C) .
Although SPECT failed to detect atypical hyperplasia lesions, ARG successfully depicted all of them, even when they were not macroscopically visualized. In hamster 3 (Fig.  3) , the T/N ratio was 4.9-similar to that for adenocarcinoma (4.6). However, SPECT could not detect this lesion, likely because of its small size.
In hamster 10, the uptake of 111 In-DOTA-c(RGDfK) in the inflammatory lesion was not demonstrated even by ARG (Supplemental Fig. 2 ). In agreement with the in vivo SPECT findings (Fig. 2) , ARG images revealed significant uptake of 111 In-DOTA-c(RGDfK) in tumors but not in inflammatory lesions. The T/N ratio was 3.7, and the ratio of inflammation to the normal pancreas was 0.9. These accumulation patterns were verified by the absence of a v b 3 -integrin expression in inflammatory lesions.
Accumulation of 111 In-DOTA-c(RGDfK) and 18 
F-FDG in Inflammatory Lesions
The uptake of 111 In-DOTA-c(RGDfK) was compared with that of 18 F-FDG in inflammatory lesions in the mouse model (Fig. 4 and Fig. 5 ). In this model, acute inflammation was characterized by focal neutrophil infiltration (Fig. 4) . Although 18 F-FDG was actively taken up in the inflammatory regions in all cases, 111 In-DOTA-c(RGDfK) was not. There was no expression of a v b 3 -integrin in this inflammatory model. The inflammation-to-muscle ratio for 18 F-FDG was much higher than that for 111 In-DOTA-c(RGDfK) (8.37 6 4.37 vs. 1.98 6 0.60; P , 0.05) (Fig. 5 ).
DISCUSSION
Because a v b 3 -integrin is often expressed in various kinds of malignant tumors and endothelial cells, tumor imaging with radiolabeled RGD peptides, which are promising agents for a v b 3 -integrin imaging, has been actively investigated in animal models and cancer patients (26) (27) (28) (29) . Haubner et al. showed that there was a correlation between the tumor uptake of 18 F-galacto-c(RGDfK) and the level of a v b 3 -integrin expression (27) . We developed 111 In-DOTA-c(RGDfK), an 111 Inlabeled RGD, and demonstrated that this radiopharmaceutical showed high tumor uptake in SKOV-3, a human ovarian carcinoma model, with strong expression of a v b 3 -integrin (29) .
Pancreatic cancer, one of the most incurable malignant tumors, can also be imaged with radiolabeled RGD peptides because pancreatic cancer cells express a v b 3 -integrin (18) . However, successful cure of pancreatic cancer requires detection in the early stages of carcinogenesis, when the lesions are small. For this purpose, suitable animal models that mimic the clinical situation as closely as possible are ideal tools. The hamster model used in the present study is well established and has been used for numerous studies of pancreatic duct carcinogenesis and its prevention (20, 32, 33) . Because this carcinogenesis model appeared to be suitable for evaluation of the usefulness of imaging agents in the early detection of pancreatic cancer, we investigated the possibility of early and accurate detection of this cancer by combining this model and SPECT with 111 In-DOTA-c(RGDfK).
In the present study, SPECT with 111 In-DOTA-c(RGDfK) clearly demonstrated 66.7% of pancreatic adenocarcinomas in the hamster model. The smallest pancreatic adenocarcinoma detected was 3 mm. This encouraging finding regarding the detection of early pancreatic cancer was validated by the high T/N ratio, as shown by ARG. This good contrast between tumors and normal tissues may be explained by the fact that a v b 3 -integrin is strongly expressed in adenocarcinoma lesions but not in stroma and normal ductal cells. Our histopathologic examination reconfirmed this finding. The results of the present study demonstrated that our strategy of using a v b 3 -integrin as a molecular target was entirely appropriate. Especially important was the fact that SPECT yielded no false-positive findings in normal pancreatic tissue. ARG analysis demonstrated positive uptake in atypical hyperplasia, but SPECT did not. One reason for this difference could be lesion size. The average size of atypical hyperplasia lesions is 1.0 mm-too small for detection by in vivo SPECT. Another reason could be that the uptake of 111 In-DOTA-c (RGDfK) in atypical hyperplasia was relatively lower than that in adenocarcinomas; however, this reason suggests that a v b 3 -integrin would be a good target for the early detection of pancreatic cancer with radiolabeled RGD peptides because atypical hyperplasia lesions can be regarded as precancerous lesions in terms of carcinogenesis.
In the clinical application of SPECT with 111 In-DOTAc(RGDfK), it is important to clarify the anatomic location of the radionuclide uptake. In the present study, we used a SPECT/CT combination scanner, although this scanner was dedicated to small-animal imaging. Through SPECT/CT fusion imaging, we identified the pancreas on the basis of the location of the kidneys, liver, intestine, and stomach, which are relatively clearly visualized on CT. SPECT/CT combination scanners are becoming popular in clinical practice. Because the performance of clinical CT scanners is better than that of small-animal units with regard to acquisition time, tube voltage, and current · time product (mAs), identification of the pancreas would be easier in clinical practice. Fusion imaging with MRI and scintigraphy is now actively under investigation. Current high-magnetic-field MRI scanners can provide highresolution anatomic images without contrast agents. Therefore, fusion imaging with MRI and PET or SPECT would overcome the concern about identification of the pancreas (34) . 18 F-FDG PET may have become more popular for the detection of malignant tumors, but 18 F-FDG also has a high affinity for inflammatory lesions, resulting in false-positive findings. Because pancreatic masses or swellings are sometimes caused by inflammatory changes, 18 F-FDG PET may produce false-positive results. To examine whether SPECT with 111 In-DOTA-c(RGDfK) is more useful than 18 F-FDG PET in the differentiation of inflammatory lesions, we compared the uptake of 111 In-DOTA-c(RGDfK) in inflammatory lesions induced by turpentine in a mouse inflammatory model with the uptake of 18 F-FDG. The uptake of 111 In-DOTA-c(RGDfK) in inflammatory lesions and the expression of a v b 3 -integrin were not found, resulting in a significantly lower inflammation-tomuscle ratio for 111 In-DOTA-c(RGDfK) than for 18 F-FDG. In contrast, ARG indicated high 18 F-FDG uptake in inflammatory lesions, in agreement with a previous report (31) . This profile of a v b 3 -integrin expression is favorable for distinguishing between tumors and inflammation. In pancreatic lesions, falsepositive results for the detection of cancer may be harmful because pancreatic biopsy is somewhat invasive. Therefore, 111 In-DOTA-c(RGDfK) may be superior to 18 F-FDG for the early and accurate detection of pancreatic cancer.
CONCLUSION
The results of the present study indicated that SPECT with 111 In-DOTA-c(RGDfK) is a powerful tool for the diagnosis of pancreatic cancer in the hamster carcinogenesis model, even though a limitation was imposed by the small number of animals evaluated. The specific uptake of 111 In-DOTA-c(RGDfK) in tumors and not in inflammatory lesions could decrease the incidence of false-positive findings. Our results will promote the clinical application of 111 In-DOTA-c(RGDfK) and other a v b 3 -integrin imaging agents in the diagnosis of pancreatic cancer.
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